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 The laser welds on the lowest

He/dose stainless steels are free of He
bubbles and intergranular cracks.
 The HAZ has a lower number density
of cavities and loops compared to the
irradiated base metal.
 Microchemical segregation at grain
boundaries is reduced in the HAZ
related to driving the Cr to
precipitates.
 Reducing heat input and adjusting
welding parameters may make laser
weld repairs feasible for highly
irradiated components.
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a b s t r a c t
This article investigates the integrity of laser welds on neutron irradiated, He-containing steels. Life
extension of the current fleet of light water reactors could necessitate repair of cracks on irreplaceable
internal components, but heat input of weld repairs exacerbates the problem by initiating He-induced
cracking. Laser welding is a promising low-heat-input technology thought to limit the extent of Heinduced cracking. In this study, we produce laser welds in a hot cell on AISI 304L stainless steel plates
previously irradiated in the Experimental Breeder Reactor (EBR)-II. We select a systematic set of three
specimens spanning fluences ~1–28 displacements per atom (dpa) at ~415–430 °C and He concentrations ~0.2–8 atomic parts per million (appm) amounting to ~0.2–2.8% swelling. He-induced cracking is
observed only in specimens containing 3 appm He. Laser welding nearly eliminates all irradiationinduced cavities and reduces the dislocation loop number density, similar to conventional post-
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irradiation annealing. Microchemically, laser welding induces Cr-rich precipitation and suppresses grain
boundary radiation-induced segregation. The mechanism of He-induced cracking is discussed in the context of these microchemical changes. The weld heat input is calculated and suggests that further refinement of laser welding parameters may improve the cracking resistance for higher dose and He conditions.
Ó 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

investigated advanced techniques to weld irradiated materials,
such as friction stir [18-20] and laser welding. Laser welding has
emerged as a leading candidate for repair of irradiated reactor
internals [21] because of its lower heat input compared to traditional welding arc welding methods, and its non-contact nature
(unlike friction stir methods). Laser welding uses a laser as a concentrated heat source to produce narrow, deep welds, in a typical
keyhole or penetration weld mode. The high-power density of
the laser (~1 MV/cm2) enables rapid heating and cooling, and produces a small HAZ with dimensions up to an order of magnitude
smaller than that of arc welds. A recent comprehensive review of
current-pulsed laser welding on alloys addresses the weldability,
crack sensitivity, laser weld cracking mechanisms and future directions of applied pulsed laser welding technology [22]. The development and knowledge of laser welding technology are beneficial
and transferable to the rising laser-based additive manufacturing
and processing such as laser powder bed fusion [23,24].
Thus far, there has been limited demonstration of laser welding
on irradiated, He-containing materials. Yamada et al. [3,5] produced laser welds on 316LN-IG SS neutron irradiated to 0.2 dpa
and containing 3.3 appm He. They observed He bubbles on grain
boundaries in the HAZ, but those bubbles had little effect on the
bending and tensile strength of the weldment compared to welds
of the unirradiated material. Implanted He can also produce cracking and bubble growth during laser welding. One such study from
Kawano, et al. [21] made laser welds on SUS304 SS implanted with
0.5, 5, and 50 appm He. Bubble growth at grain boundaries in the
HAZ increased with weld heat input and He concentration, leading
to surface grain boundary cracking in the highest He condition.
Lastly, Nishimura, et al. [2] made laser lap welds to join unirradiated 316L SS to irradiated 304L SS containing 9 appm He. Although
intergranular cracks formed in the irradiated 304L HAZ, tensile
tests failed in the unirradiated 316L. They therefore concluded that
He has little influence on mechanical properties of laser weldments, but it is worth noting that they did not consider the role
of sensitization (in the 316L) or microstructure. In general,
researchers have not yet understood the effects of laser welding
on the irradiated microstructure. Moreover, there is little understanding of the microstructure–mechanical property relationship
beyond the role of macroscopic He pores and cracks.
The objective of this study is to systematically understand
microstructure evolution and microchemistry in laser weldments
of irradiated, He-containing SS. Toward this end, we deliver a thorough study on the irradiated microstructure response to laser
welding. In this study, we produce laser welds on three neutron
irradiated 304L SS coupons with doses as high as 28 dpa and He
concentrations as high as 8 appm. Macroscopic He bubbles and
intergranular cracks are identified. Transmission electron microscopy (TEM) microstructure characterization is conducted on the
irradiated base metal and the HAZ, to systematically observe the
influence of laser welding on the irradiated microstructure. Specifically, we characterize cavities, dislocation structure, grain boundary segregation, and microchemistry at crack tips. Microstructural
and microchemical evolution mechanisms are discussed. Results
are placed in the context of intergranular cracking criteria based
on effective weld heat input.

1. Introduction
Austenitic stainless steels (SSs) are workhorse structural materials in the operating fleet of light water nuclear reactors (LWRs).
After long-term service, near-core and in-core SS reactor components are susceptible to irradiation embrittlement [1], and can consequentially crack prematurely. Continued safe operation of LWRs
requires repair of these cracks, but the presence of insoluble He
presents challenges for weld repairs and can even exacerbate
cracking in the weld heat affected zone (HAZ) [2-5]. During the
long-term reactor operation, 4He can be produced through low
cross-section fast neutron reactions with all Fe, Cr, and Ni isotopes.
In thermalized neutron spectra, large cross-section 10B (n, a) reactions and the two-step reaction sequence 58Ni (n, c) followed by
59
Ni (n, a), are primarily responsible for He generation. The twostep 58Ni reaction sequence scales directly with Ni content and
non-linearly with thermal neutron fluence, producing hundreds
of appm He at PWR conditions by the end of life [2-7]. Since He
is insoluble in the metal matrix, He atoms coalesce into ~few nm
diameter bubbles in the grain interior, on dislocations, and grain
boundaries [8]. These bubbles are especially problematic during
weld repairs because the heat of welding releases He from
microstructural traps. These freely migrating He bubbles agglomerate into larger bubbles and ~two-dimensional puddles, primarily
situated along grain boundaries at the weld melt boundary. Subsequently, weld-induced thermal stresses cause micro-creep of the
metal between bubbles, leading to further bubble growth. Eventually, intergranular fracture with a dimpled fracture surface occurs
in and around the weld HAZ [8,9].
The early work in the 1970s by Hall et al. addressed the cracking
in the sodium-cooled Experimental Breed Reactor II (EBR-II), but
successfully welded irradiated stainless steel for tests in EBR-II,
where they cited He bubbles and potential for weld failure in further irradiation [10]. He-induced cracking was first observed in
overlay welds of SS tanks holding tritium-containing water [11].
Mobile tritium diffused into the steel, then decayed to immobile
3
He, contributing to failed attempts at weld repairs. Since then,
numerous incidences of He-induced cracking of welds have
occurred during attempts to repair cracks in boiling water reactor
(BWR) shrouds in commercial [12] and research reactor vessels
[13]. For example, in 1986, Westinghouse Electric Company, LLC,
was contracted to repair stress corrosion cracks of a 304 SS nuclear
reactor vessel at the Savannah River Site. The weld repair was conducted using an autogenous and wire-fed gas tungsten arc (GTA)
remote welding system. The repair failed in the HAZ due to He
embrittlement of the irradiated 304 SS [13]. Subsequently, Westinghouse participated in the development of a low-penetration
gas metal arc (GMA) overlay technique for welding irradiated
stainless-steel reactor vessel internals. The welding process minimized heat input, which in turn minimized He-induced cracking
[14-16].
Li et al. summarized the effect of helium on weldability and relevant properties in postwelded irradiated materials and assessed
different welding methods to suppress He-induced cracking [17].
In the years since, the Electric Power Research Institute (EPRI),
Oak Ridge National Laboratory (ORNL), and Westinghouse have
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although they were technically pentagon-shaped segments. A
library of works [26-31] can be referenced by the readers for more
details of the hex blocks as well as their sectioning methods.
From coins of both 3 and block 5, some of the ‘‘triangles” – the
sections xy2 and xy3 – were each further sliced into a plate and a
true triangle (Fig. 1(c)). The schematic diagram of the process of
obtaining the weld coupons from the hex blocks is given in Fig. 1
(d). A rectangular section from a hex coin triangle was sliced off
with approximate dimensions of 2.5 cm  5 cm  0.6 cm (1 in.
 2 in.  0.25 in.). There was a range of dpa values across each
plate and therefore along any given weld bead. The two large
opposing faces on each rectangular coupon were then milled incell to obtain flat and parallel surfaces and to provide surfaces suitable for welding. The plates were used for welding, which was performed in the Westinghouse High Level Hot Cells. The three plate
samples selected for welding were from hex block sections 5D2,
3A2, and 3E3. These samples had nominal damage doses of approximately 1, 23, and 28 dpa defined at the hex-coin center (as
opposed to the plate center). Therefore, plate 3A2 had a lower
range of dpa values than plate 3A3, which was closer to core center
(with similar variations in coins 3E and 5D). The corresponding
helium contents of approximately 0.2, 3, and 8 appm He were measured from small specimens cut from one corner of each plate and
therefore represent nominal values only (the dose 5D specimens
was estimated as a conservative range of 0.2 appm, even though
the measurement of some plates was 0.4 appm). The irradiation
temperature was 415 °C, 430 °C and 415 °C, respectively (see
Fig. 1(e)). The He concentration was determined by an isotope dilution gas mass spectroscopy method [32]. The nominal helium concentrations in 3A and 3E did not scale directly with the ‘‘nominal”
centerline dpa values, since the two plates lay on different sides of
the centerline and were therefore at different radial dose levels.
The temperatures cited were also nominal values derived from
the hex-coin center but were correct within ~10 °C.

2. Methods
2.1. Materials
The materials selected for this study are highly activated AISI
304L SSs. The original samples provided, before subsequent cutting
for this study had been cut from sections previously obtained from
two neutron reflector blocks with hexagonal cross section
of ~245 mm length and ~52 mm thick serving as neutron reflectors
in the EBR II. These ‘‘hex blocks” are U.S. Department of Energy
owned material and were irradiated from 1982 until 1995 [25].
The chemical composition of an unirradiated archive hex-block
was found to be 19.26%Cr-8.81%Ni-1.57%Mn-0.43%Si-0.056%C-0.0
3%S-0.027%P (bal. Fe, all in wt.%), determined by energydispersive X-ray spectroscopy (EDS) performed in a fieldemission gun equipped Zeiss scanning electron microscope (SEM)
operating at 20 kV, and by an inductively coupled plasma (ICP)
analysis [26,27]. Prior to neutron irradiation, the hex blocks were
cold worked to ~10% cold work at surfaces, and ~5% cold work in
the block interior [26]. Five hex blocks were stacked vertically in
Row 8 of the reflector region of EBR-II, with blocks 1–5 stacked
in numerical order from bottom to top of the core (Fig. 1).
Block 3 was vertically positioned nearest the core, and thus
received the highest irradiation fluence. Block 5 was vertically
the furthest from the core, and thus received the lowest irradiation
fluence. Both blocks had significant variations in dose, irradiation
temperature and helium content arising from both axial and radial
gradients in these variables. The maximum mid-block dose range
of blocks 3 and 5 on their in-board side were ~0.4 and ~33 dpa,
respectively. There were both axial and radial variations in temperature through each block, determined by local coolant temperature, local gamma-heating rate and by the depth from the
surface of the block. These hex block materials had been studied
previously by various teams of researchers, including detailed
microstructural characterization of the radiation-induced defect
structures as a function of damage dose and irradiation temperature [26,27].
Through numerous studies over the years, the hex blocks had
been sliced into hexagonal ‘‘coins”, labeled xA, xB, xC, and so on,
where x represents the block number (Fig. 1(a)). There was a range
of dpa and irradiation temperature across each of the two faces of
each coin. Some of these coins were sliced into three sections, e.g.
5D1, 5D2, and 5D3 (Fig. 1(b)), in which the section xy1 was a rectangular prism, and sections xy2 and xy3 were so-called ‘‘triangles,”

2.2. Welding
Bead-on-plate laser welds were made on the 3 rectangular coupons using a Trumpf TruPulse 556 Nd-YAG laser welding system
housed in the Westinghouse High Level Hot Cells. The laser weld
nominal power was 1400 W. The size of laser spot was 2 mm.
The welding travel speed was 64 mm/min with a lens-to-work distance of 200 mm. Examples of the weld surfaces are given in Fig. S1
and Fig. S2. Multiple wire-fed welds were made on each of the

Fig. 1. Demonstration of the production of hex block pre-weld testing specimens and post-laser weld specimen production. (a) The hex block assembly contained five stacked
blocks located in a row 8 duct outside of the core. Block 3 straddled the core center-plane and block 5 was far above the core center-plane. (b) Both blocks were sectioned to
produce ‘‘hex-coins” of 1.25 or 2.5 cm thickness, with only the latter used in this study. Each coin was further cut into three major sections, (c) and then a plate for welding
was cut and its surfaces polished and etched. (d) After laser weldment was performed on each plate a long specimen was cut to entirely contain one of the single-pass welds
and sections were prepared through the weld at different positions along the bead length. (e) Summary of nominal test conditions used for our study.
3
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cracks had grown (identified by red ovals). These were indications
of the impact of He on the macroscopic quality of the welds. All
four slices from a given weld were considered equivalent and
duplicates of one another. One slice from each weld was set aside
as the reference or control specimen, while the other three slices
from each weld were reserved for further ion irradiation (these will
be the focus of a future study). The slices selected as control specimens were 5D2C, 3A2A, and 3E3A, and these three slices are the
focus for the remainder of this manuscript.

three rectangular coupons to support several parallel projects and
as contingency plans. The welds made to support this current
manuscript were single-pass wire fed welds. All of the welds utilized for this study were prepared using a consistent set of weld
parameters developed by Westinghouse and EPRI [33] referred to
as Weld Parameter Set 1 (WPS1), summarized in Table S1. It should
be noted that the 308L SS weld wire composition was 19.88%Cr-9.
79%Ni-2.13%Mn-0.52%Si-0.021%C-0.007%S-0.023%P (bal. Fe, all in
wt.%).
The preparation of cross-sectional weld samples suitable for
electron microscopy was a three-step process. The first step was
to slice the weld cross-sections into thin plates with approximate
dimensions of 6.5 mm  6.5 mm  1 mm thick. Four thin plates
were obtained from the weld on each block; each of the four plates
from a given block was labeled xyzA, xyzB, and so on (e.g., 3E3A,
3E3B). The second step to prepare the cross-sectional thin plates
was to further reduce the radioactive material volume of each plate
by removing excess base material to obtain a sample which contained only weld metal and a limited amount of surrounding base
metal. This reduced sample geometry was approximately
3 mm  2 mm  1 mm. The third step was to further reduce the
thickness of each plate by grinding and polishing to a final thickness of approximately 250–500 lm. Marbles swab etching was
applied on the specimen surface for less than 1 s.
A summary of the prepared and etched cross-sectional samples
obtained from coupons 5D2, 3A2 and 3E3, respectively is given in
Fig. 2. From these SEM micrographs, we can clearly see the impact
of the He on the completed surface of the cross-sectional weldments. The large holes are not due to the He effect but were blown
in as gas bubbles (called weld pores) during the laser welding process. Changing the weld condition a little tends to minimize their
occurrence. At lower He concentration (<1 appm), the welded surface was relatively free of macroscopic pores or cracking. At intermediate He concentration (~3 appm), laser weld-induced pores
were visible (marked by red arrows) and cracks appeared. At a
higher He concentration (~8 appm), the weld-induced pores and

2.3. Microscopy & characterization
Electron backscatter diffraction (EBSD) was utilized to characterize the grain structure of the laser weldment. The EBSD detector
was used inside a FEI (now Thermo Fisher Scientific) Quanta 3D
FEG dual-beam scanning electron microscope (SEM)/focused ion
beam (FIB) for orientation imaging microscopy (OIM) mapping.
The SEM-EBSD imaging parameters were 30 kV accelerating voltage, 2nA electron beam current, and 100 ls dwell time, ~0.1–0.3
lm/pixel step size, 0.05 neighboring confidence index (CI),
and ~3° neighboring grain tolerance angle. The OIMDC version
7.1.0 software was used for the collection of the EBSD data.
Two types of FIB microscopes were used for the preparation of
transmission electron microscopy (TEM) lamellae from the base
metal and HAZ regions (Fig. S3) of the laser weld cross-section
from each of the three coupons 5D2, 3A2 and 3E3. A Tescan
LYRA-3 GMU FIB/SEM (dual-beam FIB with an Orsay Physics Canion FIB column) at Westinghouse and a FEI Quanta 3D FEG dual
beam (SEM/FIB) at the Microscopy and Characterization Suite
(MaCS), Center for Advanced Energy Studies (CAES), were used. A
standard FIB lift-out method [34] was used to create an electrontransparent region approximately 8–15 lm length  8–12 lm
depth. A final cleaning step involved a 2 kV, 27 pA FIB cleaning
for 1–2 min along with a 200 eV, 170pA NanoMill for 15 min at
each side to remove the FIB-induced damage of the sample. The
final thickness the TEM lamellae ranged ~30–150 nm.

Fig. 2. SEM images of the laser weld cross sections on all four slices prepared from each weld: (a) block 5D2 with 1 dpa and 0.2 appm He, (b) block 3A2 with 23 dpa and 3
appm He, and (c) block 3E3 with 28 dpa and 8 appm He. The labels A, B, C and D correspond to the configuration in Fig. 1(d). Red arrows represent pores or keyholes forming
during the laser welding, which is not caused by He. Red ellipses indicate laser-weld induced cracks. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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elongated and circular grains. The average grain sizes of the base
metal and the HAZ are statistically equivalent, and are summarized
in Table 1. Specifically, the base metal has an average grain size
of ~47.5–52.0 lm and the HAZ has an average grain size
of ~46.9–52.7 lm. In the base metal, no apparent radiationinduced grain growth is observed compared to the unirradiated
archive sample, which is consistent with previous studies on identical alloys [26,27,37-39].
Laser weld-induced cracks are present in all 8 thin slices
obtained from the 23 dpa, 3 appm He and 28 dpa, 8 appm He
welds, as shown in Fig. 2(b-c). Cracks are always present in the
HAZ near the shoulder of the weld melt pool. Multiple laser-weld
induced cracks in the HAZ from block 3A2B and 3A2C (23 dpa
and 3 appm He) at various magnifications are shown in Fig. 4 (ac). The cracks are all intergranular; no transgranular cracking is
observed. A higher magnification image of a crack from slice
3A2C is given in Fig. 4(d), and the red boxed region is shown in
higher magnification in Fig. 4(e). Blue arrows mark the interface
between the weld metal and base metal. The outlined crack area
is ~1081 lm2. Among all four slices, the measured HAZ area is less
than 1 mm2. The total crack length in the 3A2 slices from Fig. 2(b)
is ~4301 lm. The average crack length per HAZ area is 0.87 ± 0.
13 lm/lm2. At a higher He/dpa conditions in the 3E3 slices, the
cracking and open porosity are so extensive that quantifying total
crack length is not feasible.
Analytical microscopy of the laser weld-induced intergranular
cracks in the HAZ from block 3A2, 23 dpa and 3 appm He, is summarized in Fig. 5. The OIM map (Fig. 5(a)) and KAM map (Fig. 5(b))
give the grain structure and stress distribution near the cracks
marked by the solid white box in Fig. 5(c). A ‘‘plan view” lift-out
[40] from the intergranular crack tip (marked by the orange rectangle in Fig. 5(c)) is shown in Fig. 5(d). A higher magnification BFTEM
image of the crack-tip area (outlined by the solid green box in Fig. 5
(d)) is given in Fig. 5(e). The Frank loops decorated by irradiationinduced precipitates near the crack tip (area outlined by the

TEM and scanning TEM (STEM) characterization were performed using the FEI Tecnai TF30-FEG (field emission gun) STWIN
STEM at CAES MaCS and the FEI Themis Titan 200 FEG STEM
equipped with ChemiSTEMTM technology at the Irradiated Materials
Characterization Laboratory (IMCL), Idaho National Laboratory
(INL). Analysis of the chemical composition of the grain boundaries, precipitates, and matrix were performed by energy dispersive X-ray spectroscopy (EDS) in STEM mode. The dwell time for
each point of the drift-corrected line scan was ~10 s, and points
were spaced 1–2 nm apart. The thickness of a TEM lamellae was
measured by electron energy-loss spectroscopy (EELS). Both the
bright-field STEM (BFSTEM) technique [35] and rel-rod method
[36] were applied for imaging dislocation loops. The rel-rod
method specifically targets faulted interstitial Frank loops. Dislocations were imaged using the BFSTEM technique. STEM HAADF
imaging was used for characterizing irradiation-induced cavities
[28]. Multiple micrographs were included for statistical analysis
of the average and standard deviation of each defect feature. Precipitates in hex blocks 3 and 5 (from regions having similar irradiation temperature and total fluence as coupons 5D2, 3A2 and 3E3)
had previously been characterized with dark-field TEM (DFTEM)
and atom probe tomography (APT) [26,27,37], and are outside of
the scope of this current manuscript.
3. Results
3.1. Grain structure and intergranular cracking
An example of the grain structure in one of the hex blocks (3E3A
of 28 dpa and 8 appm He) is shown in Fig. 3. From the OIM map,
the weld metal has an elongated dendritic structure. The base
metal has equiaxed grains containing twins. The HAZ extends into
the base metal, and is located where the dendritic grains in the
weld fusion zone transition into equiaxed grains in the base metal.
The HAZ is an intermediate region with a combination of both

Fig. 3. An example of the irradiated hex-block grain structure after laser weld. The OIM map was collected in the 3E3A specimen of 28 dpa and 8 appm He.
5
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Table 1
Summary of microstructure in the irradiated base metal and laser weld HAZ.
Condition/Region

Void Density ½m3 

Void Diameter ½nm

Loop Density ½m3 

Loop Diameter ½nm

Grain Size ½lm

5A2, 0.2 appm, 1 dpa Base

0:10  0:078  1021

16:3  6:1

1:54  0:75  1021

41:7  13:4

47:5  2:3

5A2, 0.2 appm, 1 dpa HAZ

5:00  2:38  1019

11:4  3:9

2:40  0:77  1021

22:8  4:5

49:2  4:1

3A2, 3 appm, 23 dpa Base

1:20  0:29  1021

20:9  7:7

8:03  3:11  1021

22:3  8:7

52:0  1:5

3A2, 3 appm, 23 dpa HAZ

1:38  1:21  1019

16:2  4:4

5:77  2:11  1021

14:2  3:9

52:7  5:3

3E3, 8 appm, 28 dpa Base

1:36  7:03  1021

24:9  8:7

12:8  2:09  1021

19:3  7:9

51:6  6:2

3E3, 8 appm, 28 dpa HAZ

1:42  1:29  1019
–

22:2  4:2

12:5  1:62  1021
–

8:9  1:9

46:9  7:4

–

52:0  17:7

Archive (unirradiated)

–

Fig. 4. SEM images of laser-weld induced intergranular cracks in the HAZ from block 3A2B and 3A2C with 23 dpa and 3 appm He, at (a-c) lower magnification, and (d-e)
higher magnification of block 3A2C. Blue arrows in (d) indicate the weld metal-HAZ boundary, revealing that the crack occurs in the HAZ. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

in identical hex-blocks have been pre-confirmed by several studies
[37-39], and are summarized in Table 1. The average cavity size
and number density in the base metal increase with dose and He

dashed red box in Fig. 5(d)) are imaged by the rel-rod method in
Fig. 5(f). A STEM-EDS composition map of the crack tip area (outlined by solid blue rectangle in Fig. 5(e)) is given in Fig. 5(g) and
reveals Si and O enrichment at the crack tip. The grain boundary
ahead of the crack tip (marked by the solid purple box in Fig. 5
(e)) exhibits Cr enrichment and faint depletion of Si, Ni and Fe as
can be seen from the STEM-EDS maps in Fig. 5(h).

concentration, from 16.3 nm and 0:10  1021 m3 respectively in
the 1 dpa, 0.2 appm He specimen, to 24.9 nm and 1:36  1021
m3 in the 28 dpa, 8 appm He specimen. In all specimens, the average cavity size in the HAZ decreases by ~2.5–5 nm compared to the
base metal. The average cavity number density in the HAZ is two
orders of magnitude lower than that in the base metal. These
results indicate that the cavities in the HAZ are annealed during
laser welding, resulting in a lower number density and smaller
size.

3.2. Cavities
Irradiation-induced cavities characterized by a STEM HAADF
detector are shown in Fig. 6. This figure facilitates a direct comparison of the irradiation-induced cavities in the base metal region
(Fig. 6(a, c, e)) versus HAZ (Fig. 6(b, d, f)) after laser welding, across
the three hex blocks studied: block 5D2 with 1 dpa and 0.2 appm
He in Fig. 6(a, b); block 3A2 with 23 dpa and 3 appm He in Fig. 6(c,
d); and block 3E3 with 28 dpa and 8 appm He in Fig. 6(e, f). Size
distribution and morphology of the irradiation-induced cavities

3.3. Dislocation structure
On-zone-axis BFSTEM images of dislocation structure in the
base metal region (Fig. 7(a, c, e)) versus HAZ (Fig. 7(b, d, f)) after
laser welding are given for each of the three blocks: 5D2 with 1
6
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Fig. 5. Summary of analytical microscopy of intergranular cracks in the HAZ from block 3A2 with 23 dpa and 3 appm He. (a) OIM map of the grain structure and (b) KAM map
near the cracks shown as the solid white box in (c). (c) SEM image of the crack propagation along multiple grain boundaries. (d) FIB lift-out from location marked by dashed
orange box in (c). (e) BFTEM image of the crack-tip area marked by the solid green box in (d). (f) Rel-rod DFTEM of the Frank loops near the crack tip in the area enveloped by
the dashed red box in (d). (g) STEM-EDS map of the crack tip area marked as a solid blue rectangle in (e), showing Si enrichment at the crack tip. (h) STEM-EDS map of the
grain boundary ahead of the crack tip shown as the solid purple box in (e), showing Cr enrichment. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

coexist in these highly irradiated hex blocks. Thereby, we regard
all dislocation-type defects within the overall quantitative analysis
of average loop number density and size. The average loop size
decreases and number density increases in the base metal, with
increasing dose and He concentration, from 41.7 nm and

dpa and 0.2 appm He in Fig. 7(a, b); block 3A2 with 23 dpa and 3
appm He in Fig. 7(c, d); and block 3E3 with 28 dpa and 8 appm
He in Fig. 7(e, f). Blue arrows represent [1 1 1] directions, yellow
arrows represent [0 0 2] directions, red arrows represent [0 1 1]
directions and green arrows represent [1 3 1] directions.
The dislocation lines and dislocation loops are indistinct especially at higher dose conditions, as the high-density network of dislocations, loops, precipitates, cavities, clusters, and black dots

1:54  1021 m3 respectively in the 1 dpa, 0.2 appm He specimen,
to 19.3 nm and 1:28  1022 m3 in the 28 dpa, 8 appm He
specimen.
7
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Fig. 6. HAADF STEM images of irradiation-induced cavities in the base metal region (a, c and e) versus HAZ (b, d and f) after laser welding: (a-b) block 5D2 with 1 dpa and 0.2
appm He, (c-d) block 3A2 with 23 dpa and 3 appm He, and (e-f) block 3E3 with 28 dpa and 8 appm He.

Fig. 7. On-zone-axis BFSTEM images of dislocation structure in the base metal region (a, c and e) versus HAZ (b, d and f) after laser welding: (a-b) block 5D2 with 1 dpa and
0.2 appm He, (c-d) block 3A2 with 23 dpa and 3 appm He, and (e-f) block 3E3 with 28 dpa and 8 appm He. Blue arrows represent [1 1 1] directions, yellow arrows represent
[0 0 2] directions, red arrows represent [0 1 1] directions and green arrows represent [1 3 1] directions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
8
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Fig. 8. Summary of laser weld-induced precipitates in the HAZ. (a-d) Block 5D2 with 1 dpa and 0.2 appm He: (a) BFTEM of the precipitates; (b) higher magnification image of
area enveloped by solid purple rectangle in (a) with SAD patterns inset indicating a bcc precipitate in an fcc matrix; (c) HRTEM of the interface marked by dashed red
rectangle in (b); and (d) drift corrected EDS line scan across the matrix/precipitate interface indicates a Cr-rich, Ni-poor precipitate. (e-f) Block 3A2 with 23 dpa and 3 appm
He: (e) BFTEM of the precipitate with inset diffraction pattern; and (f) drift corrected EDS line scan indicates similar precipitate composition as in (d). All EDS line scan
directions are from the top left to the bottom right. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

indicates similar Cr enrichment to ~ 30 at.% and Ni depletion
to <5 at.% in the precipitate (Fig. 8(f)) as compared to the lower
He/dpa case. No such precipitation is observed at higher He/dpa
conditions in block 3E3 with 28 dpa and 8 appm He.

In all specimens, the average loop size in the HAZ decreases
by ~8.1–18.9 nm compared to the base metal. The average loop
number density in the HAZ does not show statistically decrease
than that in the base metal. However, the type of dislocations varies locally depending on the weldment region. For instance, the
HAZ and weld metal regions exhibit a different dislocation structure compared with the base metal, due to the laser fusion. To
identify these dislocation patterns, on-zone-axis BFSTEM images
of dislocation structure in the dendrites formed during laser welding are shown in the weld region and HAZ for each block in Fig. S4.
More details on post-irradiation examination (PIE) activities on hex
blocks can be found in refs [26,27,37-39,41].

3.5. Grain boundary segregation
The grain boundary chemistry observed in Fig. 5(h) warrants
further investigation on the effect of laser welding on radiationinduced segregation (RIS). Drift corrected EDS line scans of a random high-angle grain boundary in the base metal and HAZ from
block 5D2, 1 dpa and 0.2 appm He, are shown in Fig. 9(a-b) and
Fig. 9(c-d), respectively. The base metal has a typical RIS profile
for austenitic SS subject to LWR condition (320 °C), i.e. Ni enrichment and Cr depletion at the grain boundary [42-44]. After laser
welding, the HAZ no longer has pronounced grain boundary segregation; composition profiles are noisy, but oscillate around the
bulk concentration values, indicating that welding has neutralized
the RIS. Additional EDS lines scans are given in Fig. 9(e-f) for the
HAZ from block 3A2, 23 dpa and 3 appm He, and in Fig. 9(g-h)
for the HAZ from block 3E3, 28 dpa and 8 appm He. At these higher
He/dpa conditions, similar neutralization of grain boundary composition gradients for Ni, Cr and Mn are consistent with that in
the lower He/dpa case.

3.4. Laser-weld induced precipitates
Laser weld-induced precipitates in the HAZ are significantly larger than the typical pre-existing and irradiation-induced precipitates in austenitic SSs, such as carbides, Ni3Si, and G-phases
(Fig. 8). At a low He/dpa conditions, the HAZ of block 5D2 (1 dpa
and 0.2 appm He) shows the formation of ~0.5 lm Cr-enriched precipitates by BFTEM, Fig. 8(a). The precipitate surrounded by the
solid purple rectangle is further examined by selected area diffraction (SAD) in Fig. 8(b), which reveals that the precipitate has a body
centered cubic (bcc) structure on the [0 0 1] zone axis while the
matrix is on the face centered cubic (fcc) [1 1 1] zone axis. This orientation relationship and the incoherency of the interface are also
distinguishable from the high-resolution (HRTEM) image of the
matrix/precipitate interface in Fig. 8(c) (HRTEM conducted in the
region marked by the dashed red rectangle in Fig. 8(b)). A drift corrected EDS line scan across the matrix/precipitate interface in Fig. 8
(d) indicates Cr enrichment and Ni depletion inside the precipitate.
The EDS line scan shows an increase of Cr from ~20 at.% in the
matrix to ~30 at.% in the precipitate, and a decrease of Ni from ~5
at.% in the matrix to ~2 at.% in the precipitate. Similar precipitates
are observed – though at a lower number density – in the HAZ of
block 3A2 with 23 dpa and 3 appm He, Fig. 8(e-f). BFTEM of the
precipitation with inset diffraction pattern in Fig. 8(e) shows the
precipitation has a similar crystal structure as the matrix. The drift
corrected EDS line scan across the precipitate and into the matrix

4. Discussion
4.1. Microstructural evolution
The microstructure evolution as a function of dose and He concentration is plotted in Fig. 10. The laser welding removes and
shrinks the cavities in the HAZ. Dislocation loops also shrink with
welding, but their population remains relatively unchanged. These
trends for loops (Fig. 10(a)) and cavities (Fig. 10(b)) in the base
metal compared to the HAZ are consistent with the effect of
post-irradiation annealing on microstructure evolution[45]. Quantitative cavity and loop morphologies in the base metal are consistent with prior studies on identical alloys [26,27]. The growth of
9
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Fig. 9. Drift-corrected EDS line scans of the grain boundary composition of the welded blocks. (a-b) Base metal and (c-d) HAZ from laser weldments of block 5D2 with 1 dpa
and 0.2 appm He. Base metal exhibits Ni enrichment and Cr depletion at the grain boundary. (e-f) HAZ from block 3A2 with 23 dpa and 3 appm He. (g-h) HAZ from block 3E3
with 28 dpa and 8 appm He. No significant segregation of Ni, Cr, or Mn is present in the HAZ.

lution occurs when vacancy diffusion begins and annihilates interstitials in the loops, causing their size to shrink at higher doses
[44,45,47].
Quantitative microstructure evolution in the HAZ can generally
be explained by weld-induced annealing. In the HAZ, the shrinkage
and reduction in number density of microscopic cavities are consistent with well-established post-irradiation annealing [48]. But
at the same time, macroscopic weld-induced pores are observed

the cavities in the base metal indicates a typical vacancy-driven
mechanism in which cavities (i.e. voids and/or bubbles) grow without bound under increasing irradiation fluence and He generation.
The loop size evolution exhibits two stages during low dose rate
(i.e. low flux) irradiation. In the first stage, a low nucleation rate
for interstitial loops generates rapid loop growth to a quasisteady-state size [46] at low dose (fluence) levels. Since dislocation
loops are primarily interstitial loops, the second stage of their evo10
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Fig. 10. Comparison of average number density and size of cavities and dislocation loops across all conditions studied. (a) As dose and He concentration increase, cavity
density and size increase in the base metal and HAZ. The HAZ has a lower cavity density and smaller cavity size than the base metal at each dose/He condition. (b) As dose
level and He concentration increase, dislocation loop density increases, but loop size decreases in the base metal and HAZ. The HAZ has a comparable loop density to the base
metal, but a smaller loop size at each dose/He condition.

where rcrack is the critical tensile stress to initiate cracking and h is
the film thickness of the liquified grain boundary during melting.
Given the large volume of He bubbles at grain boundaries, the pressure generated by each bubble, p ¼ 2cB =r B (where cB and r B represent the surface tension and radius of the bubble, respectively),
expands the intergranular surface area and leads to a diminished
solid/liquid interfacial surface tension and increase in film thickness. Thus, the presence of a large population of He bubbles reduces
the critical tensile stress and increases susceptibility to grain
boundary cracking. This is consistent with the observed inhibition
of cracking in the 5A2 specimen with ~ 0.2 appm He, and the considerable laser weld-induced cracking in the 3A2 and 3E3 specimens with > 3 appm He.
By lowering the weld heat input, prior studies have shown that
laser welding outperforms conventional GTAW and TIG welding by
reducing surface cracking and minimizing sub-surface defects
[21,55]. But besides heat input, numerous welding parameters
could affect the propensity of laser weld repairs to experience
He-induced cracking. Nishimura et al. [2] found that cracking
increases in irradiated, He-containing 304L and 316L SS with
increasing laser power (wattage). To the authors’ knowledge, no
known studies have examined the effects of process parameters

at higher He/dose conditions as shown in Fig. 2(b-c). These results
are illustrative of classical He agglomeration and He-induced
cracking historically observed in arc welds made on irradiated
materials [8,13,14,16,17]. This phenomenon occurs when extreme
thermal input causes He desorption from bubbles, followed by
localized regrowth into pores or accumulation at the grain boundary to form intergranular cracks.
A notable microstructural difference between the laser welding
herein and long-term post-irradiation annealing [48] is the
absence of dislocation loop unfaulting in the HAZ. The unfaulting
of Frank loops during annealing is known to occur through two
mechanisms [49,50]: 1) sufficient absorption of point defects and
build-up on sessile interactions to trigger the unfaulting,
and 2) a sessile a/3 h1 1 1i Frank loop tangles with a glissile
a/2 h1 1 0i dislocation and generates an unfaulted
a/2 h1 1 2i dislocation. The results herein show no evidence of
either of these two unfaulting mechanisms, nor substantial dislocation networks. During annealing, loop unfaulting can be
explained by a two-stage vacancy diffusion climb model [51,52].
In the early stage, which spans a few to a few tens of minutes, thermal dissociation of the smallest vacancy clusters leads to annihilation of interstitials present in larger loops, while larger vacancy
clusters grow. In the later stage, which spans hours to days, these
larger vacancy clusters dissociate, causing further annihilation of
the remaining interstitial loops. Since the time duration of heat
input during our laser welding was less than 45 s per weld, the
later stage of typical loop unfaulting is suppressed. Hence, the
observed decrease in loop size and number density in the HAZ is
less pronounced than would be expected from conventional
long-term post-irradiation annealing. A recent molecular dynamics
study of unfaulting of Frank loops has demonstrated that Shockley
partial loops have a threshold size above which such unfaulting
can be facilitated under the application of external stresses [53].
In light of this mechanism, the weld-induced stresses can be locally
high enough to accelerate loop unfaulting leading to HAZ cracking.
4.2. Cracking prevention
The He-induced cracking phenomenon during laser welding
begins with He bubble formation, leading to fracture of grain
boundaries, as shown schematically in Fig. 11. A simple grain
boundary cracking criterion based on the surface tension at the
solid/liquid interface, csl , is proposed by Miller and Chadwick [54]:

rcrack ¼

2csl
h

ð2Þ

Fig. 11. Schematic diagram showing the progression of He generation, He bubble
formation, and grain boundary fracture.
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Fig. 12. Effective laser weld heat input threshold of 304 SS (dashed line) as a function of He concentration. Below the threshold, welds do not produce He-induced cracks
(green symbols), but above the threshold, welds do produce He-induced cracks (red symbols). Data are collected from the current study and the archival literature [58]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

taining in excess of ~1 appm He [59]. Future work will address
the mechanical properties of these welds.

such as weld traverse speed in irradiated materials. But in unirradiated joints of ferritic AISI 430F to martensitic AISI 440C, Khan
et al. [56] found that increasing laser weld speed decreased the
weld width and penetration depth, which have implications on
the mechanical performance of the weld. Another study showed
that excessive weld speeds produced asymmetries, excess fractures, and gas porosity [57] in an unirradiated oxide dispersion
strengthened steel. Thus, heat input alone does not govern weld
cracking behavior, and factors such as weld power and travel speed
must also be considered.
Recently, EPRI and ORNL have formulated an expression for the
effective laser weld heat input, which accounts for the numerous
process parameters that influence cracking propensity in irradiated, He-containing materials. Unlike theoretical heat input, their
expression for effective heat input incorporates: (1) laser heat used
to melt added filler material, and (2) heat loss to the atmosphere
due to reflection of laser power. The effective heat input, Qeff (kJ/
cm), is given by:

Q eff ¼

lHT PWP

v TS



sv WFS PWP Awire

v TS

4.3. Microchemistry and precipitation
The He-induced cracking (Fig. 5(g)) is associated with changes
in the microchemistry. A recent density functional theory (DFT)
[60] study on hydrogen cracking in Ni alloys revealed strong volumetric straining in the atomic layers immediately ahead of a crack
tip, which, in practice, can be thought of as interstitial segregation
at grain boundaries or other sinks. The He-induced cracking herein
may be analogous, or even enhanced by the existing grain boundary RIS. That is, He interstitial segregation at the grain boundary –
which is accelerated during welding – can create a strain concentration that drives an oxide layer (Si, O) to form at the crack tips,
with Cr enrichment on the grain boundary ahead of the crack tip.
This microchemistry is consistent with that observed during stress
corrosion cracking in irradiated austenitic steel, in which the cracking is governed by a competition between Cr quantity and the efficiency of Cr mass transport through the oxide layer [61]. Thus,
while the He concentration may initiate cracking in the irradiated
welds, the resultant strain-induced microchemistry competition at
the grain boundary ultimately causes crack propagation.
Previous laser welding studies on unirradiated AISI 304L SS
have shown that the structure and composition of weld-induced
precipitates depends upon the bulk solid-solution and weld cooling rates [62,63]. Based on the same WPS1 setting, the unirradiated
weldments show no evidence of martensite or ferrite [62-64]. In
the 1 dpa, 0.2 appm He weldment in the present study, laser
weld-induced Cr-enriched precipitates are observed at a low number density in the HAZ, and they exhibit a similar structure to ferrites (Fig. 8). As He concentration and irradiation dose increase,
however, these precipitates decrease in number density. There
are several possible explanations: 1) irradiation-induced ferrite
and precipitation at higher doses [65,66] suppress the formation
of micron-sized precipitates driven by weld pool cooling; 2) excess
interstitials and Frank loops decrease the nucleation rate [67]; 3)
vacancy supersaturation between prior neutron irradiation and
post-weld rapid cooling [68]; 4) interfacial energy of the precipitate/matrix interface [69]. Although the number density of these
Cr-enriched precipitates is low, further irradiation (e.g. extended
service of weld repairs) may induce coarsening, dissolution or
amorphization[67,69-71].

ð1Þ

where lHT is the heat transfer efficiency factor of the arc/laser beam
during welding (laser absorption efficiency); PWP (W) is the time
weighted average power input for the weld process; vTS (cm/min)
is the time weighted average weld process travel speed; s (kJ/
cm3) denotes the heat required to melt a volume of filler metal;
v WFS (cm/min) is the time weighted average wire feed speed, and
Awire (cm2) is the cross-sectional area of the wire. The detailed calculation for the laser welds studied in this manuscript is listed in
Table S2. With a lHT = 0.9, the effective heat input is ~ 4 kJ/cm. A
comparison of this value with the archival literature on GTAW
and laser weld repairs of 304 SS following hydrogen induced cracking (HIC) [58] is presented in Fig. 12. It is evident that the effective
weld heat input provides a threshold for He-induced cracking.
Welds made with effective heat inputs below the threshold (dashed
line) for a given He concentration consistently do not crack (green
symbols), whereas welds made with effective heat inputs above
the threshold exhibit a greater propensity to crack (red symbols).
The blue symbols indicate grain boundary deterioration (GBD). This
body of results convincingly illustrates that laser welding outperforms GTAW in He-containing steels. Further refinement and optimization of laser weld parameters may improve the weld
integrity and cracking resistance for highly irradiated steels con12
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The nucleation of laser weld-induced bcc Cr-rich incoherent
precipitates in the HAZ at lower He/dpa conditions may be associated with the neutralization of RIS in the HAZ. That is, during welding, Cr is simultaneously driven to precipitates and to grain
boundaries. A previous study by Dong et al. [26] on identical alloys
suggested that grain boundary chemistry is affected by precipitates
at the grain boundaries. Recalling that the grain boundaries in the
base metal are decorated by precipitates (Fig. 5 and Fig. 7(c, e)), the
grain boundary chemistry is no longer controlled by RIS alone,
which adds complexity and local variation in grain boundary
chemistry. During welding, both grain boundaries and precipitates
gain Cr (see the grain boundary in Fig. 5(h)), which indicates the
welding drives Cr to sinks (e.g. grain boundaries and precipitates).
The oscillations in the concentration profiles in the HAZ may also
be related to dislocation motion [72], or associated with the complex ‘‘W” or ‘‘M” shaped profiles often observed through high spatial resolution chemical analysis [42-44]. Although low-heat-input
laser welding is often employed to avoid sensitization (i.e. reduced
Cr diffusion) in the HAZ in high-C stainless steels, the Cr diffusion
distance in the HAZ during laser welding is 960 nm. This extent of
diffusion can explain the observed Cr-rich precipitation and reversal of grain boundary RIS; the reader is directed to the calculation
provided in the supplementary information document for further
details. Additionally, irradiation-induced point defect sites tend
to decrease the activation energy and accelerate Cr atomic diffusion [42-44]. This further supports the observed extent of Cr diffusion in the HAZ, concurrent to the weld-induced annealing of voids
and some dislocation loops.

6. Data availability
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damage doses of approximately 1, 23, and 28 dpa with corresponding concentrations of approximately 0.2, 3, and 8 appm He, respectively. This manuscript reports on a comprehensive, multiscale
microscopy characterization of the post-laser-welded microstructure across the HAZ and irradiated base metal. The micro- and
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1. Grain structure, dislocation lines, loops, cavities, and precipitates in the base metal and HAZ indicate that laser welding
has an annealing effect on the microstructure.
2. The HAZ has a combination of dendritic and equiaxed grains,
and a similar average grain size compared to the base metal.
3. The HAZ has a lower number density of cavities and loops
(without apparent loop unfaulting) compared to the irradiated
base metal, due to laser weld-induced annealing.
4. The weld-induced formation of 0.5-lm incoherent bcc Crenriched precipitates in the HAZ is suppressed at the highest
He and dose conditions.
5. RIS at grain boundaries is reduced in the HAZ, compared with
the irradiated base metal. This phenomenon appears related
to precipitate evolution, as welding drives Cr to grain boundaries as well as to precipitates.
6. Welds on the lowest He/dpa specimen are free of He bubbles
and intergranular cracks. However, He bubbles and intergranular cracking occur readily in the higher dose specimens with He
concentrations >3 appm He.
7. In practice, further reducing heat input and adjusting laser
welding parameters may reduce the extent of surface defects,
cracking, and microstructural annealing, making laser weld
repairs more feasible for highly irradiated components.

Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2021.109764.
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